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Abstract: Andes virus (ANDV) is highly pathogenic in humans and is the primary 
etiologic agent of hantavirus cardiopulmonary syndrome (HCPS) in South America. 
Case-fatality rates are as high as 50% and there are no approved vaccines or specific 
therapies for infection. Our laboratory has recently developed a replication-competent 
recombinant vesicular stomatitis virus (VSV)-based vaccine that expressed the glycoproteins 
of Andes virus in place of the native VSV glycoprotein (G). Xhis vaccine is highly 
efficacious in the Syrian hamster model of HCPS when given 28 days before challenge 
with ANDV, or when given around the time of challenge (peri-exposure), and even 
protects when administered post-exposure. Herein, we sought to test the durability of the 
immune response to a single dose of this vaccine in Syrian hamsters. Xhis vaccine was 
efficacious in hamsters challenged intranasally with ANDV 6 months after vaccination 
(p = 0.025), but animals were not significantly protected following 1 year of vaccination 
(p = 0.090). Xhe decrease in protection correlated with a reduction of measurable 
neutralizing antibody responses, and suggests that a more robust vaccination schedule 
might be required to provide long-term immunity. 
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1. Introduction 

Andes virus (ANDV) is a New World hantavirus (family: Bunyaviridae, genus: Hantavirus) and is 
the primary etiologic agent of hantavirus cardiopulmonary sjaidrome (HCPS) in South America, 
with case fatality rates of 30%-50%. ANDV is a zoonotic virus hosted by the long-tailed pigmy 

rice rat (Oligoryzomys longicaudatus) and upon transmission to humans, can cause HCPS [1,2]. 
Human-to-human transmission has also been documented [3-5]. Currently, there is no approved 
vaccine or specific treatment for hantaviruses that cause HCPS, and medical intervention is largely 
supportive. To date, the only animal model that recapitulates human disease caused by ANDV is the 
Syrian hamster [6,7]. Our laboratory has recently reported that a recombinant replication-competent 
recombinant vesicular stomatitis virus (VSV)-based vaccine, engineered to express the glycoprotein 
complex (GPC) of ANDV in place of the VSV glycoprotein (G), provides complete protection from 
disease in hamsters [8]. Hamsters were sterilely protected one month after a single dose of the vaccine 
upon challenge with a consistently lethal dose of ANDV. This vaccine was also efficacious 
post-exposure, with 90% of hamsters protected when the vaccine was administered one day after 
inoculation with ANDV. 

The mechanism(s) by which this vaccine offers protection is not entirely known, and might differ 
depending on the time of challenge, as post-exposure protection is unlikely to rely on the generation 
of neutralizing antibodies, as the VSV-vector expressing an irrelevant glycoprotein also afforded 
peri-exposure protection against ANDV challenge [8]. Nonetheless, the VSV-based vaccine platform 
is known to elicit a strong humoral immune response [9]. In the VSV-ANDV system, neutralizing 
antibodies directed against the GPC are likely important for prophylactic vaccination. Herein, 
we sought to test the kinetics of the neutralizing response elicited by this vaccine and to test the 
duration of immunity following a single-dose vaccination to lethal disease caused by ANDV in the 
hamster model. 

2. Results and Discussion 

Hamsters vaccinated with VSVAG-ANDV-GPC showed a statistically significant increase 
{p = 0.025) in survival when challenged with a lethal dose of ANDV 6 months after vaccination, with 5 
of 6 of the vaccinated hamsters surviving challenge, whereas a single animal of the 6 unvaccinated 
hamsters survived ANDV challenge (Figure lA). Conversely, at 12 months after vaccination, the 
VSVAG-ANDV-GPC-vaccinated group was not significantly protected (p = 0.090) compared to the 
control group, although the vaccine afforded some level of protection (Figure IB). At this point, only a 
single vaccinated hamster developed signs of disease and was euthanized, 2 of the 6 control hamsters 
survived inoculation, rendering the result at this time point insignificant. It is notable that a single 
mock vaccinated animal survived at 6 months post-vaccination, and two survived at the 12-month 
time point. Our laboratory has extensive experience using the Syrian hamster model of HCPS, 
and experiments are typically, if not always, completed by the time the animals reach 2-3 months of 
age. We have rarely, if ever, observed a control animal survive this dose and route of ANDV 
inoculation in control animals, and thus far, all experiments have been performed using the same stock 
of virus preparation that we used in this study [7,10]. This suggests that age, likely influencing immune 
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status, might play a role in natural protection from disease. Other studies using older hamsters have 
resulted in more variability in lethality, supporting that older hamsters might be more immune to 
disease, although this needs to be addressed experimentally and it is difficult to compare studies using 
different routes of infection, stocks of viruses, and sources of animals [11,12]. A limitation of our 
study is the relatively small group sizes, which makes it difficult to resolve differences between the 
potential survival of aged control animals, and discriminating this from the durability of the vaccine. 
Repeating this study, using larger group sizes as well as additional time points would both lend insight 
into age-related affects of survival and long-term efficacy of the vaccine. 

Figure 1, A single dose of a vesicular stomatitis virus (VSV)-based Andes virus (ANDV) 
vaccine affords significant protection from ANDV disease at 6 months, but not 12 months 
post-vaccination. Groups of 12 animals were either mock-vaccinated or vaccinated with 
10^ PFU of VSVAG-ANDV-GPC i.m., and six animals per group were challenged with 
200 focus forming units (FFU) of ANDV i.n. 6 months (A) or 12 months (B) after 
vaccination. Animals were monitored for clinical signs of disease and survival for 42 days. 
Survival was statistically evaluated using a log-rank (Mantel-Cox) test with significance 
set at 0.050. 
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To examine the kinetics of the immune response to vaccination over the course of this study, 
we obtained serum from animals at 1, 2, 6 and 12 months (for the animals remaining after the 6 month 
challenge experiment) post-vaccination. These sera were tested for their neutralizing activity by 
performing a FRNTso assay, along with the sera from the unvaccinated animals. None of the 
mock-vaccinated animals developed measurable neutralizing antibodies (data not shown). All 
vaccinated animals achieved a titer of at least 320 by 1 month, and three of the 12 animals achieved 
titers of 640 (Figure 2). In all but two cases, neutralizing titers dropped by 6 months of vaccination, 
and for a single animal, which developed disease when challenged at 12 months post- vaccination, the 
titer dropped below 40 (animal #14) (the minimum dilution used for this assay). The hamster that 
developed disease at 6 months post-vaccination had a neutralizing titer of 80 (animal #1). Two other 
hamsters in this group also had titers of 80, but did not develop disease, whereas the other three 
animals had titers of at least 160. For the surviving hamsters that were challenged at 12 months, two 
had titers of 40 and three had titers of 80. Although all had titers of 80 or less, the observation that they 
were protected, when the non-protected animal at 6 months had a titer of 80, suggests that the greater 
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age of the animals could contribute to protection. This correlates with the observed increase in survival 
of the non-vaccinated control animals in the 12-month group, where two survived at this time point, 
and only one survived at 6 months. 

Figure 2. Neutralizing antibodies to ANDV are induced upon vaccination with VSVAG- 
ANDV-glycoprotein complex (GPC). Sera were collected from animals at the time points 
indicated on the z-axis and used for an ANDV focus reduction neutralization test 80% 
(FRNTgo) as described in the Experimental Section. (A) Animals 1-6 were challenged 6 
months after vaccination and (B) animals 13-18 were challenged with ANDV 12 months 
post-vaccination and are indicated on the x-axis. Animals 1 and 14 developed disease upon 
ANDV challenge and were euthanized. 




In a previous study, we observed that a single dose of this vaccine provided sterile immunity in 
most hamsters when challenged 28 days after vaccination [8]. To test whether the surviving animals in 
this study were sterilely protected from ANDV at 6 and 12 months post-vaccination, we performed 
an ELISA to detect anti-ANDV-N antibodies (Table 1). All animals that survived challenge, mock 
vaccinated or vaccinated, developed ANDV-N antibodies, suggesting that sterile immunity was not 
achieved. This difference could be attributed to the longer time period between vaccination and 
challenge in this study, and is likely related to our observed decrease in neutralizing antibody titers. 
We used different routes of inoculation herein, making it difficult to directly compare this study with 
our previous study. We chose to inoculate hamsters intranasally (with the same infectious dose of 
virus used previously) to more closely mimic human exposure or transmission, as opposed to the 
intraperitoneal route, which was previously reported. Mucosal immunity might be more difficult to 
achieve and confer sterile immunity, which might allow the virus to infect cells of the respiratory tract 
before being neutralized by the humoral immune response elicited by the vaccine. 

Vaccination with VSV-based vaccine vectors has provided potent long-term protection in other 
systems. Mice vaccinated with VSV expressing the spike protein (S) of severe acute respiratory 
syndrome virus were protected from lethal challenge 4 months later, following a single dose 
administration [13]. VSV expressing the HA of influenza virus were protective up to a year after 
vaccination, although these mice were given a boost of a heterologous VSV-based vaccine prior to 
challenge [14]. Differences in the platform and animal species used might account for differences in 
the immune response to this vaccine in the hamster. 
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Table 1. Anti-ANDV N ELISA titers in hamsters that survived i.n. challenge with 200 FPU 
of ANDV. 



Challenge 6 months post-vaccination Challenge 12 months post-vaccination 



Animal 


Vaccine 


Titer 


Animal 


Vaccine 


Titer 


1 


VSVAG-ANDV-GPC 


NA 


13 


VSVAG-ANDV-GPC 


>3200 


2 


VSVAG-ANDV-GPC 


800 


14 


VSVAG-ANDV-GPC 


NA 


3 


VSVAG-ANDV-GPC 


1600 


15 


VSVAG-ANDV-GPC 


>3200 


4 


VSVAG-ANDV-GPC 


1600 


16 


VSVAG-ANDV-GPC 


1600 


5 


VSVAG-ANDV-GPC 


>3200 


17 


VSVAG-ANDV-GPC 


800 


6 


VSVAG-ANDV-GPC 


>3200 


18 


VSVAG-ANDV-GPC 


>3200 


7 


Mock 


NA 


19 


Mock 


>3200 


8 


Mock 


NA 


20 


Mock 


>3200 


9 


Mock 


NA 


21 


Mock 


NA 


10 


Mock 


NA 


22 


Mock 


NA 


11 


Mock 


1600 


23 


Mock 


NA 


12 


Mock 


NA 


24 


Mock 


NA 



NA = Animals that did not survive challenge. 



3. Experimental Section 

3.1. Hamster Vaccination and Challenge 

Female Syrian hamsters 5-6 weeks of age (Harlan Labs, Indianapolis, IN, USA) were administered 
10^ PFU of VSVAG-ANDV-GPC by intraperitoneal injection (i.p.), or sterile medium as a control. The 
VSVAG-ANDV-GPC was prepared as previously published [8]. Serum samples were obtained at the 
indicated times post-vaccination by retro-orbital bleeding. The blood was centrifuged at 2,000x g for 
10 min at room temperature and the serum was removed and frozen for the measurement of 
neutralizing antibodies. Either 6 or 12 months after vaccination, groups of 12 hamsters (6 mock- 
vaccinated and 6 vaccinated with VSVAG-ANDV-GPC) were challenged with ANDV. Two hundred 
focus forming units (FPU) of ANDV (strain 9717869), which is equivalent to IOOLD50 when 
administered i.p., as used in our previous studies, was diluted in 100 |j,L of sterile medium and was 
delivered intranasally (i.n.) while the animals were under inhalational isoflurane. Hamsters were 
monitored daily for signs of disease and were euthanized upon showing signs of severe clinical 
disease, or at 42 days post challenge, at which time a terminal blood sample was collected to measure 
serum antibodies. 

3.2. Andes Virus Neutralization and ELISA 

To measure the neutralizing antibody response to vaccination, 2-fold serial dilutions of sera were 
mixed 1:1 with approximately 100 FFU of ANDV and incubated for 1 h at 37 °C in a humidified 
chamber. This mixture (200 |j,L) was then used to inoculate Vero E6 cells (ATCC) for 1 h at 37 °C, 5% 
CO2. The inoculum was then removed and 500 |j,L of 1.2% carboxymethylcellulose in Modified Eagles 
Medium (MEM) containing 2.5% FBS was added to the cells and incubated at 37 °C, 5% CO2. Seven 



Viruses 2014, 6 



521 



days later, an immunofocus assay was performed and sera resulting in a greater than 80% reduction in 
foci were considered positive (FRNTgo) as previously described [15]. To examine whether hamsters 
that survived challenge (42 days post inoculation) developed anti-ANDV antibodies, we performed an 
ELISA to detect antibodies directed against the ANDV nucleocapsid protein (N) as described 
previously [10]. 

3.2. Statistics 

To determine whether vaccination resulted in significant protection from ANDV-induced disease, 
we compared the survival curves between mock-vaccinated and VSVAG-ANDV-GPC-vaccinated animals 
using a log-rank (Mantel-Cox) test with significance set at 0.05. Analysis was performed using Prism 
software version 6 (GraphPad Software, Inc., La JoUa, CA, USA). 

3.3. Biosafety and Ethics 

All work with ANDV-infected hamsters and potentially infectious material was conducted in the 
BSL4 facility at the Rocky Mountain Laboratories, Division of Intramural Research, National 
Institutes of Allergy and Infectious Diseases, National Institutes of Health. Sample removal from the 
BSL4 was performed according to approved standard operating procedures. This animal experiment 
was approved by the Institutional Animal Care and Use Committee and performed following the 
guidelines of the Association for the Assessment and Accreditation of Laboratory Animal Care 
(AAALAC) by certified staff in an AAALAC-approved facility. 

4. Conclusions 

Vaccination of hamsters with a single dose of a VSV-based ANDV vector provided long-term 
protection from lethal virus challenge 6 months after administration. We have shown that this vaccine 
has a high degree of efficacy when administered between 28 days pre-, and 1 day post-challenge, 
indicating its use in emergency situations, or for laboratory-acquired infections, might prove viable. 
The decline in neutralizing antibodies at 6 and 12 months indicates that the durability of this vaccine 
after a single-dose application, at least in hamsters, is questionable. Booster immunizations might 
improve the durability of this vaccine candidate. Although other disease models have yet to be 
developed for HCPS-causing hantaviruses, further evaluation of vaccine approaches, specifically 
measurement of antibody responses, could be warranted in other non-disease animal models. 

Acknowledgments 

We would like to thank Elaine Haddock for her technical assistance in performing experiments, 
and Anita Mora for graphical support in preparing the figures. This work was supported by the 
Division of Intramural Research, National Institute of Allergy and Infectious Disease, National 
Institutes of Health. 



Viruses 2014, 6 



522 



Author Contributions 

Prescott J. and Feldmann H. designed research; Prescott J., DeBuysscher B.L., and Brown K.S. 
performed research; Prescott J. and Feldmann H. analyzed data; Prescott J. wrote the paper. 

Conflicts of Interest 

The authors declare no conflict of interest. 
References 

1 . Khan, A.S.; Ksiazek, T.G.; Peters, C.J. Hantavirus pulmonary syndrome. Lancet 1996, 347, 739-741 . 

2. Levis, S.; Rowe, J.E.; Morzunov, S.; Enria, D.A.; St Jeor, S. New hantaviruses causing hantavirus 
pulmonary s5nidrome in central Argentina. Lancet 1997, 349, 998-999. 

3. Padula, P.J.; Edelstein, A.; Miguel, S.D.; Lopez, N.M.; Rossi, CM.; Rabinovich, R.D. Hantavirus 
pulmonary syndrome outbreak in Argentina: Molecular evidence for person-to-person transmission 
of Andes virus. Virology 1998, 241, 323-330. 

4. Martinez, V.P.; Bellomo, C; San Juan, J.; Pinna, D.; Forlenza, R.; Elder, M.; Padula, P.J. 
Person-to-person transmission of Andes virus. Emerg. Infect. Dis. 2005, 11, 1848-1853. 

5. Lazaro, M.E.; Cantoni, G.E.; Calanni, L.M.; Resa, A.J.; Herrero, E.R.; lacono, M.A.; Enria, D.A.; 
Gonzalez Cappa, S.M. Clusters of hantavirus infection, southern Argentina. Emerg. Infect. Dis. 
2007, 13, 104-110. 

6. Hooper, J.W.; Larsen, T.; Custer, D.M.; Schmaljohn, C.S. A lethal disease model for hantavirus 
pulmonary syndrome. Virology 2001, 289, 6-14. 

7. Safronetz, D.; Zivcec, M.; Lacasse, R.; Feldmann, F.; Rosenke, R.; Long, D.; Haddock, E.; 
Brining, D.; Gardner, D.; Feldmann, H.; et al. Pathogenesis and host response in Syrian hamsters 
following intranasal infection with Andes virus. PLoS Pathog. 2011, 7, el002426. 

8. Brown, K.S.; Safronetz, D.; Marzi, A.; Ebihara, H.; Feldmann, H. Vesicular stomatitis virus-based 
vaccine protects hamsters against lethal challenge with Andes virus. J. Virol. 2011, 85, 12781-12791. 

9. Jones, S.M.; Feldmann, H.; Stroher, U.; Geisbert, J.B.; Fernando, L.; GroUa, A.; Klenk, H.-D.; 
Sullivan, N.J.; Volchkov, V.E.; Fritz, E.A.; et al. Live attenuated recombinant vaccine protects 
nonhuman primates against Ebola and Marburg viruses. Nat. Med. 2005, 11, 786-790. 

10. Prescott, J.; Safronetz, D.; Haddock, E.; Robertson, S.; Scott, D.; Feldmann, H. The adaptive 
immune response does not influence hantavirus disease or persistence in the Sjo-ian hamster. 
Immunology 2013, 140, 168-178. 

11. Safronetz, D.; Ebihara, H.; Feldmann, H.; Hooper, J.W. The Sj^ian hamster model of hantavirus 
pulmonary sjoidrome. Antivir. Res. 2012, 95, 282-292. 

12. Hooper, J.W.; Josleyn, M.; Ballantyne, J.; Brocato, R. A novel Sin Nombre virus DNA vaccine 
and its inclusion in a candidate pan-hantavirus vaccine against hantavirus pulmonary syndrome 
(HPS) and hemorrhagic fever with renal syndrome (HFRS). Vaccine 2013, 31, 4314-4321. 

13. Kapadia, S.U.; Rose, J.K.; Lamirande, E.; Vogel, L.; Subbarao, K.; Roberts, A. Long-term 
protection from SARS coronavirus infection conferred by a single immunization with an 
attenuated VSV-based vaccine. Virology 2005, 340, 174^182. 



Viruses 2014, 6 



523 



14. Schwartz, J.A.; Buonocore, L.; Suguitan, A.L.; Silaghi, A.; Kobasa, D.; Kobinger, G.; Feldmann, H.; 
Subbarao, K.; Rose, J.K. Potent vesicular stomatitis virus-based avian influenza vaccines provide 
long-term sterilizing immunity against heterologous challenge. J. Virol. 2010, 84, 461 1-4618. 

15. Botten, J.; Mirowsky, K.; Kusewitt, D.; Bharadwaj, M.; Yee, J.; Ricci, R.; Feddersen, R.M.; 
Hjelle, B. Experimental infection model for Sin Nombre hantavirus in the deer mouse 
(Peromyscus maniculatus). Proc. Natl. Acad. Sci. USA 2000, 97, 10578-10583. 

© 2014 by the authors; licensee MDPl, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http://creativecommons.Org/licenses/by/3.0/). 



